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Abstract

Heterogeneity among life traits in mammals has resulted in considerable phylogenetic conflict, particularly concerning
the position of the placental root. Layered upon this are gene- and lineage-specific variation in amino acid substitution
rates and compositional biases. Life trait variations that may impact upon mutational rates are longevity, metabolic rate,
body size, and germ line generation time. Over the past 12 years, three main conflicting hypotheses have emerged for the
placement of the placental root. These hypotheses place the Atlantogenata (common ancestor of Xenarthra plus
Afrotheria), the Afrotheria, or the Xenarthra as the sister group to all other placental mammals. Model adequacy is
critical for accurate tree reconstruction and by failing to account for these compositional and character exchange
heterogeneities across the tree and data set, previous studies have not provided a strongly supported hypothesis for
the placental root. For the first time, models that accommodate both tree and data set heterogeneity have been applied
to mammal data. Here, we show the impact of accurate model assignment and the importance of data sets in accom-
modating model parameters while maintaining the power to reject competing hypotheses. Through these sophisticated
methods, we demonstrate the importance of model adequacy, data set power and provide strong support for the
Atlantogenata over other competing hypotheses for the position of the placental root.

Key words: mammal phylogeny, phylogenetic reconstruction, evolutionary models, placental root, heterogeneous

modeling.

Introduction

There are conflicting views over the root of the placental
mammal phylogeny (Meredith et al. 2011; McCormack
et al. 2012; Song et al. 2012; O’Leary et al. 2013). The conflict
is largely due to the impact of compressed cladogenesis, a
phenomenon shown to have a major negative impact on the
resolution of the metazoan phylogeny for example (Rokas
et al. 2005). In the case of the diversification of placental
mammals, the compressed cladogenesis is so severe that
the phylogenetic signature has proven very difficult to deci-
pher. Following a large number of studies using different data
sets, data types, and approaches, we now have a small
number of areas of conflict remaining in the mammal tree,
they concern 1) the position of the root of the placental
Superorders (Murphy et al. 2001a; Meredith et al. 2011;
McCormack et al. 2012; Song et al. 2012; O'Leary et al.
2013), 2) the branching of extant placental orders
(Stanhope et al. 1998; Waddell et al. 1999), and 3) the pre-
cise placement of many individual placental species

(Janecka et al. 2007). The three major competing hypotheses
for the position of the root of the placental phylogeny are
illustrated in figure 1. In summary, these alternative hypoth-
eses place the following as the sister group of all remaining
placentals: 1) the Afrotheria, for example, elephants and man-
atees (Murphy et al. 2001b; McCormack et al. 2012), 2) the
Xenarthra, for example, armadillos and sloths (O’Leary et al.
2013), and 3) the common ancestor of Afrotheria and
Xenarthra (Atlantogenata hypothesis) (Meredith et al. 2017;
Song et al. 2012). Some of the most recent contributions to
the field of mammal phylogeny have used ultraconserved
elements (McCormack et al. 2012) and morphological data
(specifically more than 4,500 morphological measurements
across 40 extinct and 86 extant placental mammals) (O’Leary
et al. 2013), resolving the Afrotheria and Xenarthra, respec-
tively. Interestingly, the work by O’Leary et al. (2013) con-
cluded, among other things, that the Afrotheria did not
originate in Africa but in the Americas. Consilience across
these different data types would be most desirable, but to
achieve this, it would be necessary to have a full
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Fic. 1. Three major rooting hypotheses for placental mammals. The
three major competing hypotheses for the position of the root are
depicted. (A) The Afrotheria root, (B) the Xenarthra root, and (C) the
Atlantogenata root.

understanding of the evolutionary dynamics of all of these
data to adequately model them.

Retroposons are attractive alternative data type that is less
likely to be subject to model misspecification. However, a
previous analysis of these rare genomic events by Nishihara
et al. (2009) showed similar levels of support for all three
competing hypotheses for the position of the placental root
(Nishihara et al. 2009). There is some evidence that retro-
posons are not entirely devoid of homoplasy (Han et al.
2011), which may contribute to signal conflict. Here, we
show how adequate modeling can be achieved for protein-
coding molecular data.

The current debate over the position of the placental root,
and indeed the branching patterns within certain Superorders
(e.g, Laurasiatheria), is due in no small part to incorrect
ortholog identification (Philippe et al. 2011), long branch at-
traction (LBA) (Heath et al. 2008), saturation of signal
(Moreira and Philippe 2000), compositional bias (Foster and
Hickey 1999), evolutionary rate variation between lineages
and between different characters in a data set (Li et al.
1987), and model misspecification (Philippe et al. 2011).
Each of these factors (alone or in combination) can have a
major effect on the resulting topology as outlined later.

Comparisons of protein-coding genes in mammalian ge-
nomes have shown that there are substantial variations in
both mutational rate and nucleotide composition (Li et al.
1987; Romiguier et al. 2010). The observed heterogeneity can
be influenced by many factors including diet (Yang 1998),
disease (Usanga and Luzzatto 1985), and intense sexual selec-
tion (Dorus et al. 2004). Variations in body size, longevity,
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metabolic rate, and germ-line generation time across species
have also been shown to affect the rate of mutation (Peto
et al. 1975; Martin and Palumbi 1993; Bleiweiss 1998; Leroi
et al. 2003; de Magalhaes and Costa 2009; Caulin and Maley
2011). Smaller, shorter-lived mammals with high metabolic
rates and short germ-line generation times accumulate mu-
tations at a higher rate (Li et al. 1996). With such variation in
mutational rate across lineages, these data are also likely to
suffer the effects of LBA. Holton and Pisani (2010) have shown
that LBA has led to the incorrect resolution of Coelomata as a
clade; the influence of this systematic bias is also a concern for
mammal phylogeny reconstruction. GC-biased gene conver-
sion in the DNA repair machinery (Galtier 2003) results in a
higher GC content over time for those species with higher
mutational rates, and this has resulted in mammal genome
data manifesting compositional biases across species
(Romiguier et al. 2010). By disregarding compositional het-
erogeneity in a data set (i.e, by not modeling it adequately),
we can consistently identify the wrong tree as optimal (Foster
2004). Foster gave examples where homogeneous models
gave an incorrect topology, but using a tree-heterogeneous
composition model obtained the correct topology and was
also shown to fit the data adequately (Foster 2004; Foster
et al. 2009). The importance of modeling both compositional
heterogeneity across the tree and heterogeneity in exchange
rates over the data set has been shown by Cox et al. (2008)
where strong support for the incorrect topology was obtained
if one employed models that did not account for these types
of heterogeneity in the data.

In this article, we employ two major classes of heteroge-
neous modeling: first those that accommodate compositional
heterogeneity and exchange rate heterogeneity across the
phylogeny. As previously described by Foster et al. (2009),
these are node-discrete composition heterogeneous
(NDCH) and node-discrete rate matrix heterogeneous
(NDRH) models. The second class of heterogeneous models
applied are those that allow for heterogeneity across the data
set (Lartillot and Philippe 2004). All previous attempts to
reconstruct the mammal phylogeny using molecular data
have used homogeneous models that do not account for
variation in composition or exchange rates across the tree
or the data set (Murphy et al. 2001b; Bininda-Emonds et al.
2007; Meredith et al. 2011). In contrast, here we will use
models that adequately describe the complex reality of the
evolutionary processes. However, more sophisticated models
demand more data to discriminate among competing hy-
potheses. For example, alignment lengths of greater than
1,000 positions (ie, concatenated data sets) have been
shown to be necessary for profile mixture models to reliably
calculate the shapes of the profiles of the data (Quang et al.
2008). Therefore, if heterogeneous models are to be employed
then the size and the quality of the data set are critical.

To date, there have been many studies that used conca-
tenated data sets to investigate the position of the placental
root (Murphy et al. 2001b, 2007; Kriegs et al. 2006; Asher 2007;
Hallstrom and Janke 2010). These data sets have included
nuclear and mitochondrial genes (with protein-coding
genes treated either as nucleotide or amino acid sequences),
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noncoding DNA, morphological data, and rare genomic
events (Murphy et al. 2001b, 2007; Kriegs et al. 2006;
Hallstrom and Janke 2010). It is now clear, however, that
not all data sets are equally suitable for all phylogenetic ques-
tions at all phylogenetic depths, as shown most recently by
Song et al. (2012). The work of Brown et al. (1982) showed
that mitochondrial genes and noncoding DNA sequences
accumulate mutations at a faster rate than nuclear protein-
coding genes, making them less appropriate for resolving
deep nodes on a phylogeny. In addition, DNA sequences
are more prone to mutational saturation than amino acid
data sets (Kosiol et al. 2007) and might be more strongly
affected by biases related to lineage-specific codon usage pref-
erences (Rota-Stabelli et al. 2013).

To fully address the root of the placental mammals, evo-
lutionary models that account for heterogeneity in both com-
position and the rate of mutational change (i.e, exchange
rate) across the tree and the data must be employed
(Foster et al. 2009). Along with modeling these features, it is
essential for the data set to have the power to reject alterna-
tive hypotheses and to be sufficiently large to meet the re-
quirements of the increase in parameterization. Here, we have
exploited recent advances in modeling heterogeneity of com-
position and exchange rates across the tree and the data in a
Bayesian framework, and using a data set generated from
completed genomes, we address the problem of the root of
the placental mammals.

Results and Discussion

First, we set out to determine whether there was a significant
improvement in fit with the use of heterogeneous models
over homogeneous models for mammal data sets. To per-
form this test, we used two sources of data: 1) a previously
published data set containing 66 taxa and a maximum align-
ment length of 9,789 base pairs referred to as “66TaxonSet”
(see Materials and Methods) (4) and 2) a data set assembled
specifically for this analysis containing 39 taxa and an align-
ment length of 23,900 amino acids (aa) referred to through-
out as “39TaxonSet.” We tested the suitability of these data
sets for resolving the root of the mammal phylogeny. The
treatment of the data sets and their naming system are de-
scribed in table 1.

Heterogeneous Models Fit “66TaxonSet” Better than
Homogeneous Models

In the first instance, we wished to determine whether the
homogeneous models were adequate for 66TaxonSet. To de-
termine which model describes 66TaxonSet, we analyzed the
data at three levels in total, the first two were the nucleotide
level (66TaxonSet_nuc) and the amino acid level
(66TaxonSet_aa). Recoding into Dayhoff categories tends to
ameliorate compositional heterogeneity and affords us the
opportunity to apply GTR-like rate matrices to these resized
data sets using a relatively small number of free parameters
(Hrdy et al. 2004). Therefore, NDRH models were applied to
the Dayhoff recoded data set (66TaxonSet_day). These
data were recoded into a total of 6 Dayhoff categories as

Table 1. Summary of Data Sets Analyzed.

Data Sets Data Set Type Alignment Length
66TaxonSet_nuc Nucleotide 9,789 bp
66TaxonSet_aa Amino acid 2,190 aa
66TaxonSet_day Dayhoff recoded 6 2,190 characters
39TaxonSet_aa Amino acid 23,900 aa
39TaxonSet_day Dayhoff 23,900

Note—The name of each data set as per main text, the data type and correspond-
ing alignment lengths are shown.

follows: Category 1 [C]; Category 2 [S, T, P, A, and GJ;
Category 3 [N, D, E, and QJ; Category 4 [H, R, and K];
Category 5 [M, |, L, and V], and Category 6 [F, Y, and W]
(Hrdy et al. 2004). The 66TaxonSet_nuc and 66TaxonSet_aa
showed compositional heterogeneity where 13 out of 66 had
P values of approximately 0.002, and 47 out of 66 taxa had P
values of 0.000, respectively. Therefore, neither 66TaxonSet_
nuc nor _aa fit the homogenous model (P values were
not corrected for multiple comparisons), whereas the
66TaxonSet_day was compositionally homogeneous (supple-
mentary table S1, Supplementary Material online). These re-
sults support the thesis that the nucleotide and amino acid
data sets from 66TaxonSet require models that accommo-
date compositional heterogeneity over the tree and the data.

We use two approaches to model heterogeneity: one is to
model heterogeneity across the phylogeny using the NDCH/
NDRH models (Foster 2004), and the second is to model
heterogeneity across the data using the CAT model
(Lartillot and Philippe 2004). The NDRH model allows for
character state exchange rates to vary over the topology,
and the NDCH model allows for the composition to vary
over the topology, independently of each other. The CAT
model, developed by Lartillot and Philippe (2004), models
heterogeneity over the data using a mixture of site profiles.
Here, we will define homogeneous models as those that do
not allow for compositional variation or exchange rate vari-
ation across the tree or data set, that is, they do not incor-
porate either NDRH/NDCH or CAT models described earlier.
A homogeneous model with a single exchange rate matrix, a
single composition vector, a proportion of invariable sites,
and four categories of gamma distributed associated rate var-
iation is denoted as TGTR + 1C+ | + 4T, this shorthand no-
tation is used throughout the article.

Our strategy was to investigate whether models that ac-
count for heterogeneity over the phylogeny and data are a
better fit to mammal data than previously employed homo-
geneous models. The best-fitting homogeneous model was
identified using ModelGenerator v85 (Keane et al. 2006), and
the models accommodating heterogeneity across the phylog-
eny were evaluated by progressively increasing the number of
exchange rate matrices and composition vectors (or both)
until there was no further improvement from increased pa-
rameterization. Bayes factor (BF) comparisons were used to
determine when the addition of parameters no longer signif-
icantly improved the model fit to the data. The difference
between the fit of the two models to the data set must have
2(In BF) > 6 to be deemed significant (see table 2 for summary
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Table 2. Models Applied Using P4.

Model Number of Number Parameters

GTR Rate of Composition

Matrices Vectors
1GTR+1C+1+4I 1 1 12
2GTR+1C+1+4I 2 1 18
3GTR+1C+1+4I 3 1 24
4GTR+ 1C+ 1+ 41" 4 1 30
5GTR+1C+1+4I 5 1 36
6GTR+ 1C+ 1+ 40" 6 1 42
1GTR+2C+1+4I 1 2 16
1GTR+3C+ 1+ 4I" 1 3 20
1GTR + 4C + | + 4I" 1 4 24
1GTR+ 5C + 1+ 4I" 1 5 28
1GTR+ 6C + | + 4I" 1 6 32
1GTR+7C+1+4I° 1 7 36
2GTR+5C+1+4I" 2 5 34
3GTR+5C+1+4I" 3 5 40
4GTR+5C+ 1+ 4I" 4 5 46

Note—The model codes used in this study; the number of GTR rate matrices
applied to the data; the number of composition vectors estimated; and the
number of free parameters estimated for each model. All parameters were free to
vary. In all cases, the proportion of invariable sites (+1)=03 and the gamma dis-
tributed associated rate variation (+I")=0.7.

of models used in 66TaxonSet and supplementary table S2,
Supplementary Material online, for complete list).

BF analysis indicated that there is strong evidence in favor
of the heterogeneous model containing three GTR matrices,
five composition vectors, an invariable sites category, and four
categories of gamma distributed associated rate variation,
that is, 3GTR + 5C + | + 4I", over the homogeneous model
(1GTR 4+ 1C+ 1+ 4I"), 2(In BF) = 1097.1. The largest change in
BF scores is seen in the shift between the compositionally
homogeneous model (1GTR + 1C+ |+ 4I") and the model
that allows for compositional heterogeneity across the tree
(1GTR 4+ 2C + 1 + 4I") with 2(In BF) =727.7. All BF compari-
sons are detailed in supplementary table S3, Supplementary
Material online. Posterior predictive simulations on
66TaxonSet_nuc showed that homogeneous models do not
fit the data, see figure 2A, whereas the best fitting model that
accounts for heterogeneity across the phylogeny
(BGTR+5C+ 1+ 4I") does fit the data, see figure 2B. This
result indicates that the model employed in the original pub-
lication of the 66TaxonSet was not adequate to describe the
data (Murphy et al. 2001a).

To evaluate the improvement of fit on increasing compo-
sition vectors over amino acid data sets, the number of com-
position vectors was increased incrementally over the
66TaxonSet_aa. It was found that models 1)TT +5C+ |+
40, YTT+6C+1+4I°, and 1YTT+7C+1+4I" did not
reach convergence during the Markov Chain Monte Carlo
(MCMCQ) run, this is not surprising given each of these
models contain over 100 free parameters. BF comparisons
indicated that the compositionally heterogeneous model
YTT+4C+ 1+ 40" provided best fit to the data and is
better than the compositionally homogeneous model
YTT+1C+ 1+ 40" by 2(In BF)=369.4. However, posterior
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predictive simulations showed that both homogeneous
(1JTT 4+ 1C+ 1+ 4I") and the best fit model allowing for com-
positional heterogeneity over the phylogeny (1JTT +
4C+ 1+ 4I) fit the data with tail area probabilities of 0.79
and 0.97, respectively (supplementary fig. S1, Supplementary
Material online). In summary, the posterior predictive simu-
lation results show that the compositionally homogeneous
model was satisfactory in describing the 66 TaxonSet_aa; how-
ever, BF comparisons show that the model that accounts for
compositional heterogeneity across the phylogeny describes
the data better.

To evaluate the effect of multiple rate matrices on our
amino acid data set and remove a layer of compositional
heterogeneity, the 66TaxonSet_aa was recoded to 6
Dayhoff categories (66TaxonSet_day). It was found that in-
creasing the number of rate matrices improved the model fit,
as shown in comparison of model 1GTR 4+ 1C + | + 4I" with
model 2GTR + 1C + | + 4I" where 2(In BF) = 67.0. This is com-
pared with the impact of increasing the composition vectors,
where model 1GTR+ 1C+ |+ 4" compared with model
1GTR +2C + | + 4T", 2(In BF) = 16.4. BF comparisons identi-
fied model 5GTR + 2C + | + 4I" as the best fitting model, and
when compared with the homogeneous model
(1GTR+ 1C+ 1+ 4I"), 2(In BF)=169.3. Posterior predictive
simulations show that both the homogeneous model
1GTR+ 1C+ 1+ 4I" and the heterogeneous model of best-
fit 5GTR + 2C + | + 41" were both adequate in describing the
data.

Next, we wished to pursue the impact of models that
accommodate heterogeneity across the data set, and so we
applied profile mixture model CAT to the data. BF compar-
isons were not employed to test the fit of the CAT model as
they were not implemented in PhyloBayes v3.2 (Lartillot et al.
2009), instead we used 10-fold Bayesian cross validation. The
fit of data set heterogeneous models CAT and CAT-GTR were
compared against the fit of homogeneous models 1GTR +
1C+ 1+ 4" and 1TT + |+ 4I". Results show that for both
66TaxonSet_nuc and 66TaxonSet_day, a 1GTR+ 1+ 4[
model fits the data best (supplementary table S7,
Supplementary Material online). For 66TaxonSet_aa, CAT s
the best fitting model. The results of cross validation com-
bined with the BF analyses show that the model using the
GTR rate matrix and accommodating compositional hetero-
geneity describe the data better than compositionally homo-
geneous models. Therefore, these heterogeneous models
were used to derive optimal phylogenies for 66TaxonSet_
nuc and 66TaxonSet_day, whereas the CAT model was
used to find the optimal tree for 66TaxonSet_aa, see sum-
mary table 3.

Phylogenetic Results of Best Fitting Models on
66TaxonSet

In contrast to the previously published topology for
66TaxonSet, there are significant topological differences re-
sulting from the application of models that account for het-
erogeneity over the phylogeny and the data. However, the
posterior probability (PP) support values for placement of the
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model. Inset (A) shows posterior predictive simulations for the homogeneous model (1GTR + 1C+ |+ 4I"). Inset (B) shows posterior predictive
simulation for the best-fit heterogeneous model (3GTR + 5C + | + 4I"). The black bar graphs in insets (A) and (B) represent the posterior predictive
simulations of these models on 66TaxonSet_nuc, and the arrow in each inset represents the x> position in the simulation for the real data.

placental root using the best fitting models remains low:
66TaxonSet_nuc and 66TaxonSet_aa support the Atlanto-
genata hypothesis with a PP of 046 (3GTR+5C+ 1+ 4I")
and 0.51 (CAT), respectively. The 66TaxonSet_day supports
the Xenarthra rooting with a high PP score of 0.98
(5GTR+2C + 1+ 4I"). However, comparison of BF scores
showed that 66TaxonSet_day is unable to reject the Atlanto-
genata hypothesis, 2(In BF) =1.96 or the Afrotheria rooting,
2(In BF) = 5.24. All BF comparison scores are given in supple-
mentary table S4, Supplementary Material online. The results
indicate that although models that accommodate heteroge-
neity across the phylogeny and the data described all treat-
ments of 66TaxonSet better (66TaxonSet_ -nuc, -aa, and -
day), this data set does not have sufficient power to support a
single topology and reject all other competing phylogenetic
hypotheses for the placement of the placental mammal root.

Heterogeneous Modeling of the 39TaxonSet

Given the current availability of many complete mammal
genomes, we moved forward to assemble a new data set
referred to as the 39TaxonSet. The data set consists of
single copy orthologous families and contains 71,700 aligned

nucleotide positions across 39 taxa. Overall, this data set con-
tains fewer taxa but is four times the length of 66TaxonSet_
nuc. Single gene orthologs were assembled using a strict best
reciprocal Basic Local Alignment Search Tool (Blast) hit ap-
proach (see Materials and Methods). These data were ana-
lyzed at the 1) nucleotide level (39TaxonSet_nuc), 2) amino
acid level (39TaxonSet_aa), and 3) these data were recoded
into six Dayhoff categories (39TaxonSet_day) in the same way
as for the 66TaxonSet.

The 27 genes comprising the 39TaxonSet had an overall
GC content in the range 30.36—45.44% across all 39 taxa. The
model fit test showed that 26/27 genes tested in the
39TaxonSet_nuc were compositionally heterogeneous. The
level of heterogeneity varied on a gene-by-gene basis, overall
17/27 of the genes tested had at least 25/39 compositionally
heterogeneous taxa (P values < 0.05). The results of the com-
position test have been provided in supplementary table
S5(D), Supplementary Material online.

A total of 25 different models were applied to the
39TaxonSet and these ranged from the simplest model,
that is, the homogeneous model with one composition vector
and one exchange rate matrix, to the more parameter-rich
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Table 3. Summary of Data Quality and Phylogenetic Tests Applied to 66TaxonSet and 39TaxonSet.

Single strongly Supported

Reject Competing

Hypotheses 2Ln(BF)

Root Position (P4/PhyloBayes)

PhyloBayes

P4

Compositional Heterogeneity

Data Sets

Hypothesis

6-10

Detected

None

Afrotheria and Xenarthra

Atlantogenata®/Atlantogenata

1GTR+ 1C+ 40"

CAT

3GTR+5C+1+4I"

Yes

66TaxonSet_nuc
66TaxonSet_aa

None

Afrotheria and Atlantogenata

Xenarthra®/Atlantogenata
Xenarthra/Xenarthra®

YTT +4C+ 1+ 4

Yes

66TaxonSet_da:

None

None

1GTR+1C+4I"

CAT

5GTR+2C+ 1+ 4T
2GTR+ 4C + 4T
1YTT+5C +4I°

No

y

39TaxonSet_nuc

None

None

Atlantogenata/Atlantogenata®

Yes

39TaxonSet_aa

Atlantogenata

Atlantogenata/Atlantogenata

CAT_GTR
CAT_GTR

Yes

39TaxonSet _da:

Atlantogenata

Afrotheria and Xenarthra

Atlantogenata/Atlantogenata

2GTR+ 4C + 41"

Yes

y
Note.—The results of the x” test of compositional homogeneity are shown. The model of best fit from P4 and PhyloBayes analyses are given. The placental root supported by each data set is indicated for both the P4 and the PhyloBayes analyses.

The ability of each data set to reject alternative rooting hypotheses is given (2(In BF) > 6 indicates alternative rooting hypotheses can be strongly rejected).

“Rooting hypotheses that have a PP support value of <0.50, that is, poor support. A hypothesis is denoted as being the “single strongly supported hypothesis” if it has both 1) a high PP at the placental root and 2) all other hypotheses could be

rejected.

®This model did not fit the data.

heterogeneous models, including for example. Six GTR rate
exchange matrices and six compositions vectors (for
39TaxonSet_nuc), one JTT rate exchange matrix and seven
composition vectors (for 39TaxonSet_aa), and finally up to
five GTR exchange rate matrices and four estimated compo-
sition vectors (39TaxonSet_day) (see supplementary table S2,
Supplementary Material online, for complete set of models
tested). The 39TaxonSet_nuc failed the x” tests of composi-
tional homogeneity (P value = 0.00), whereas the model fit
test (Foster 2004) showed that 17/39 taxa were not modeled
adequately by the homogeneous model 1GTR+ 1C+ 4I"-
Amino acid data are known to ameliorate problems with
compositional biases, possible codon usage biases and, in ad-
dition, they become saturated for superimposed substitutions
more slowly (Philippe et al. 2011), therefore we constructed
the 39TaxonSet_aa data set. Although the 39TaxonSet_aa
data set passed the x” tests of compositional homogeneity
(P value = 1.00), there were 35 out of 39 taxa that failed to fit
the expectation of the homogeneous model 1JTT + 41
Finally, for the 39TaxonSet_day, there were 21 out of 39
taxa that failed to fit the homogeneous model GTR +
1C+ 4" (supplementary table S1, Supplementary Material
online).

BF analyses were employed to determine whether there
was strong evidence for the application of more parameter
rich models over less parameter rich models for 39TaxonSet_
nuc. It was found that homogeneous model 1GTR + 1C + 41"
had In L= — 623,990.33, whereas the heterogeneous model of
best fit 2GTR 4+ 4C + 41" had In L = —620,944.12. The BF anal-
ysis shows very strong support for the use of the heteroge-
neous model with 2(In BF)=6,092.42. The posterior
predictive simulations showed that the heterogeneous
model 2GTR +4C+ 4" was able to accommodate the
39TaxonSet_nuc data (P =0.79), whereas the homogeneous
model 1GTR+ 1C+ 4I" was not (P=0.00) (supplementary
fig. S1, Supplementary Material online). We also found
strong support for the application of heterogeneous models
to the amino acid data set, as 1TT+4I" had In
L =—225,184.25 and the heterogeneous model of best-fit
YTT+5C+ 4" scored In L=-22395476. This pro-
vided strong support for the heterogeneous model with
2(In BF)=2,459.0 (supplementary table S3, Supplementary
Material online). Overall, these BF analyses show very strong
support for the application of heterogeneous models.
However, posterior predictive simulations showed that for
39TaxonSet_aa models, allowing for compositional heteroge-
neity across the phylogeny did not adequately describe the
data (P=0.000) (supplementary fig. S1, Supplementary
Material online).

At this point in our analysis, we wished to examine models
that vary across the phylogeny (NDRH and NDCH) to deter-
mine whether they could further improve the fit of the model
to the data. The application of GTR-like protein models in a
phylogeny heterogeneous context is problematic (the 20
character states implies too many parameters with each ad-
ditional composition vector or exchange rate matrix). It was
therefore necessary to test the fit of NDRH-based models
to the Dayhoff recoded data set, 39TaxonSet_day.
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BF comparisons between models that accommodate both
compositional and exchange rate heterogeneity across the
phylogeny 2GTR + 4C + 4I" (In L — 103,791.31) and the ho-
mogeneous model TGTR + 1C+ 41" (In L — 103,967.31) show
strong support for the heterogeneous model with 2(In
BF)=352.0 (supplementary table S3, Supplementary
Material online). The fit of the model (2GTR + 4C + 4T") to
these data are supported by posterior predictive simulations
with a tail-area probability of 0.004 (supplementary fig. S1,
Supplementary Material online). Although this heteroge-
neous model does not fit the data within the 95% confidence
interval, it is a far better descriptor of the data than the ho-
mogeneous model TGTR + 1C+ 4I" that 1) has a tail-area
probability of 0.00 and 2) lies well outside the posterior
distribution of the simulated data set.

We wished to determine which rooting position was sup-
ported by the 39TaxonSet_nuc using the NDCH and NDRH
models and the CAT-based models. The 39TaxonSet_nuc was
assembled for this purpose and following cross validation we
identified CAT as a better fit to the data set; however, there
was very little support in favor of the Atlantogenata rooting
(PP = 0.44). Posterior predictive simulations also showed that
this data set is compositionally heterogeneous, across the
entire alignment (Z score = 14.15) and across 20/39 taxa (sup-
plementary table S7, Supplementary Material online). We
therefore tested the NDCH and NDRH models and identified
the 2GTR+4C+ 41" as the best fit. Under the 2GTR +
4C + 4I", we found support for the Atlantogenata rooting
however, the 39TaxonSet_nuc data were unable to reject
the competing hypotheses for the position of the root.

The CAT and CAT-GTR models were applied to the
39TaxonSet_aa to determine whether profile mixture
models fit the data better than the 1GTR+ 1C+4I" and
1TT + 4I"-based models. The fit was again assessed using
10-fold Bayesian cross validation. The CAT-GTR model was
identified through cross validation as a better fit to the
39TaxonSet_aa. At the amino acid level, there were less com-
positionally deviating taxa than the nucleotide level with only
9/39 taxa having a Z score > 2. These nine compositionally
heterogeneous taxa (Z score > 2) are denoted in figure 3. To
determine the effect of the observed compositional hetero-
geneity on the phylogeny we 1) removed the offending taxa
and repeated the phylogenetic analysis and 2) analyzed the
data at the Dayhoff category level (39TaxonSet_day). With
the compositionally heterogeneous taxa removed the CAT-
GTR model on the reduced 39TaxonSet_aa (amino acids),
data set now passed the global test of compositional homo-
geneity. Analysis of the 39TaxonSet_day determined that
CAT-GTR was the best fit to the 39TaxonSet_day when com-
pared with CAT and 1GTR + 1C + 4I" models. Posterior pre-
dictive simulations of 39TaxaSet_day show that although the
CAT-GTR model globally fits the data (Z score = 1.89), 10 taxa
are compositionally heterogeneous (Z score > 2). As recoding
the 39TaxaSet_day data to Dayhoff categories did not ame-
liorate compositional heterogeneity under the CAT-GTR
model, it was determined that the model that accounts
for compositional and exchange rate heterogeneity over
the phylogeny 2GTR+4C+ 41" better described the

39TaxonSet_day data set and the CAT-GTR model better
described the 39TaxonSet_aa data set, see summary table 3.

Phylogenetic Results of Best Fitting Models on
39TaxonSet

Support is found for the Atlantogenata position for the root
using a model that accounts for compositional and exchange
rate heterogeneity across the tree (2GTR + 4C + 4I") on the
39TaxonSet_nuc and 39TaxonSet_day data sets as well as a
model that accounts for heterogeneity across the data set
(CAT-GTR) on 39Taxonset_day and 39Taxonset_aa data
sets. The branch leading to the common ancestor of
Xenarthra and Afrotheria is the most strongly supported po-
sition for the sister node to all other placental mammals, see
figure 3. All topologies obtained are available for download
from http://dx.doi.org/10.5061/dryad.vh49j. The removal of
compositionally  heterogeneous taxa  (identified in
39TaxonSet_aa through Posterior Predictive simulations
and highlighted in fig. 3) does not alter the topology and
the Atlantogenata root remains the preferred position com-
pared with the two alternative positions considered.

We wished to assess whether the 39TaxonSet had the
power to reject alternative positions for the root. Although
CAT-GTR is the best fitting model overall, it is not feasible to
compare alternative topologies under CAT-based models em-
ployed in PhyloBayes (Lartillot et al. 2009). Therefore, we used
the best fitting P4 heterogeneous model 2GTR + 4C + 4"
(supports the Atlantogenata hypothesis with a PP value of
1.00 for 39TaxonSet_nuc and PP value of 096 for
39TaxonSet_day). Using the 2GTR + 4C + 4"'model, the BF
analyses indicated that 39TaxonSet_day can discriminate be-
tween alternative phylogenetic hypotheses with BF scores as
follows: Afrotheria rooting 2In (BF)=16.08 and Xenarthra
rooting 2(In BF)=6.54, whereas the 39TaxonSet_nuc is
unable to do so. A recent study has shown that nucleotide
data are more susceptible to saturation at deeper nodes com-
pared with amino acid data (Rota-Stabelli et al. 2013), and this
may account for the lack of power in the nucleotide data set
to distinguish between alternative hypotheses.

The analysis of the 39TaxonSet_day data set shows that
although an improvement in fit of the model to the data set is
observed with the addition of compositional vectors and ex-
change rate matrices, support for Atlantogenata as the sister
group of all the other placental mammals is not eroded with
more complex models.

To test whether the NDCH and NDRH models are robust
to poor taxon sampling, we systematically reduced the
number of representatives in each of the Afrotheria, Xenar-
thra, Laurasiatheria, and Euarchontoglires Superorders to a
single taxon and we reran the phylogenetic reconstruction
analyses using the heterogeneous models. In the case of the
Euarchontoglires, we included the human and mouse inde-
pendently as the representative taxon sampled. In each of
these reduced taxon sets, the heterogeneous models
(2GTR + 4C + 4I" and CAT-GTR) recovered the Atlantogen-
ata rooting hypothesis (see data online at the Dryad digital
repository: doi:10.5061/dryad.vh49j).
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I:

[ Macropus eugenii
0.1 subs/site L Monodeiphis domestica

Fic. 3. Mammal phylogeny reconstructed using two independent approaches. Phylogeny reconstruction carried out using CAT-GTR model on the
39TaxonSet_aa in PhlyoBayes v3.2 and on 39TaxonSet_day using the heterogeneous model 2GTR + 4C + 4I" in P4. The support values for both
methods are given at each node: the numerator is the Bayesian support value for nodes based on CAT-GTR in PhyloBayes; the denominator is the
support value based on the 2GTR + 4C + 4I" model in P4. Support values for the 2GTR + 4C + 4I" model are shown where they are in agreement with
the CAT-GTR model topology. The color scheme represents the major groups of mammals: red, Euarchontoglires; blue, Laurasiatheria; green, Afrotheria;
purple, Xenarthra; gray, Marsupials (* represents compositionally heterogeneous taxa). Gallus gallus and Ornithorhynchus anatinus were both compo-
sitionally heterogeneous but were excluded in this figure to retain clarity of placental mammal branch lengths.
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The phylogeny produced using the CAT-GTR model on
the 39TaxonSet_aa is almost completely congruent with that
obtained through the analysis of the 39TaxonSet_day using
the 2GTR + 4C + 4" model (See fig. 3). The only disagree-
ment between these two topologies lies within the
Laurasiatheria and relates to the placement of the five
orders within this clade. Our focus in this analysis was
the resolution of the interordinal relationships within the
placental mammal phylogeny, to address the intraorder
placement of the Laurasiatheria, denser taxon sampling
through sequencing of currently poorly represented orders
is necessary.

Conclusions

We set out to determine whether more sophisticated models
that account for compositional heterogeneity and exchange
rate heterogeneity across both the phylogeny and the data
are required for the resolution of the placental root. Analyzing
previously published data and methods, we have found that
homogeneous models and shorter alignments cannot fully
resolve this phylogenetic problem as they are not capable
of rejecting all other competing hypotheses.

In our 39TaxonSet, we show that models that allow het-
erogeneity across the data outperform those tested that allow
for heterogeneity across the phylogeny. We illustrate that our
single copy orthologous data set (39TaxonSet) is sufficiently
large to accommodate these parameter rich models.
Significantly, these heterogeneous models achieve adequacy
in modeling the evolutionary history of these sequences and
they are robust to taxonomic sampling. We demonstrate that
even though heterogeneous NDRH and NDCH models fit
nucleotide data better than homogeneous modes and give
PP support values of 1.00 to the Atlantogenata hypothesis,
CAT-based models only support the Atlantogenata hypoth-
esis with a PP = 0.44, and it is still not possible to distinguish
between competing hypotheses using nucleotide data. The
inability of the 39TaxonSet_nuc data set to reject the com-
peting hypotheses for the position of the placental root is not
surprising. Codon bias has been demonstrated at deep phy-
logenetic positions (Rota-Stabelli et al. 2013), and nucleotide
data will tend to saturate more than amino acid data. Overall,
these characteristics of the data provide a strong argument
for the use of amino acids for deep-level phylogeny. Strong
statistical support for the Atlantogenata hypothesis is
achieved with the 39TaxonSet_day data set and heteroge-
neous models, and all major alternative hypotheses for the
placement of the root of placental mammals can be fully
rejected.

As with any phylogenetic question, congruence across
multiple independent data sets and independent analyses is
highly desirable. The Atlantogenata hypothesis is being recov-
ered with greater frequency in mammal phylogenetic analyses
(Madsen et al. 2001; Scally 2001; Hudelot et al. 2003; van
Rheede et al. 2006; Nishihara et al. 2007; Hallstrom et al.
2007; Wildman et al. 2007; Hallstrom and Janke 2008;
Prasad et al. 2008; Song et al. 2012). Here, we have shown
that when better fitting models are used support for the
Atlantogenata hypothesis is increased. The work presented

here demonstrates that the mammal phylogeny is knowable,
and that better phylogenetic modeling and the associated
larger data requirements are of paramount importance to
improving our understanding of mammalian phylogenetics.

Materials and Methods

Gene and Taxon Sampling

The first data set analyzed in the article was taken from
Murphy et al. (2001b) and received no additional treatment
or editing of the alignment, it is referred to as 66TaxonSet.
This data set contains 66 species and 15 loci composed of 11
coding, 1mtDNA, and 3 3'-UTR sequences totaling an align-
ment length of 9,789 bp. The protein-coding portion of these
data consists of 11 genes representing 2,190 aligned amino
acid positions.

The second data set was assembled specifically for this
analysis using species available on the Ensembl server (version
60) and the Polar Bear (Ursus maritimus) genome, kindly
supplied freely online by the Beijing Genomics Institute,
China (Li et al. 2011), this data set is referred to as the
39TaxonSet. The longest canonical transcripts for the 39
taxa (38 mammals plus chicken) were analyzed using the
best reciprocal Blast hit approach (Hubbard et al. 2005).
One-to-one orthologs were identified using standalone
BlastP (Altschul et al. 1990) with e, and genes were assigned
to the category of one-to-one ortholog following best recip-
rocal Blast hit analysis and visual inspection of all alignments
for all families. Only those single gene orthologs with high
sequence quality across the entire gene length were retained.
This resulted in a total of 27 single gene orthologous families
for further analysis. The careful curation of the data set en-
sured accurate single gene ortholog identification despite the
low genome coverage (<2x) in 19/39 of the species used
in this analysis. The taxon coverage was between 67.11% and
95.55% of the total concatenated nucleotide alignment
(79,884 nucleotides). Details of the 27 genes in the
39TaxonSet used in this study, including gene names, acces-
sion numbers, alignment lengths, GC content, and composi-
tion homogeneity on a gene and species level are given in
supplementary table S5, Supplementary Material online.

The 39TaxonSet alignment was manually edited using
the Se-Al software (Rambaut 2001), sequencing errors and
misaligned regions were identified and removed. The edited
amino acid alignment was 27,200 aa in length. On removal of
invariant sites, the total alignment length for the 39TaxonSet
was 39,275 bp or 11,039 aa. The Ensembl unique identifiers for
all 27 genes are available in supplementary table S5, Supple-
mentary Material online, and the complete set of multiple
sequence alignments are available at http://dx.doi.org/10.
5061/dryad.vh49;.

Test for Compositional Homogeneity

The 66TaxonSet and the 39TaxonSet were tested for compo-
sitional homogeneity by comparing the compositions of the
taxa with the mean composition of the data using the x* test
for compositional homogeneity. This test does not take the
topology of the taxa into account and as such cannot
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accommodate individual lineages that may deviate from the
average compositional distribution (Rzhetsky and Nei 1995).
Therefore, we applied a second test for compositional homo-
geneity that is a tree and model-based composition test
(Foster 2004). We generated 100 simulated data sets based
on the given model, phylogenetic tree and sample x2, (where
m is the expected value from the model). The goodness of fit
measure, or x°-value, from the actual data was then com-
pared with the simulated data (x2,). With the topology fixed,
the model parameters and branch lengths were optimized in
a maximum likelihood framework, and these data were con-
sidered homogeneous if the calculated value is greater than
95% of the null distribution (Foster 2004).

Model Selection

Substitution models were originally selected following model
testing using ModelGenerator v85 (Keane et al. 2006). Resul-
tant models from this test were used as a starting point for
the generation of tree heterogeneous models. The logarithm
of the marginal likelihood was calculated using the Newton
Raftery equation 16 (Newton et al. 1994) in P4 (Foster 2004).
Through comparison of BFs, we can identify the model that
fits the data best (while simultaneously not over fitting the
model to the data). Twice the difference in logarithms was
calculated and then compared with the Kass and Raftery
table (Kass and Raftery 1995).

The CAT and CAT-GTR were tested against homogeneous
models in PhyloBayes v3.2 (Lartillot et al. 2009) using Bayesian
Cross Validation (Stone 1974), which is implemented in
PhyloBayes v3.2 (Lartillot et al. 2009). Cross Validation was
calculated by splitting the data set into two unequal parts, the
learning set and the test set. The parameters of the model
were estimated on the learning set, given the tree obtained
from the MCMC run. The parameters were then used to
calculate the likelihood of the test set. This was repeated 10
times for each model and the average of the overall likelihood
score was taken. The scores from each model were then
compared and the top scoring model was chosen, see sup-
plementary table S7, Supplementary Material online, for cross
validation calculations.

P4 Phylogenetic Analysis

The 66TaxonSet was analyzed at three levels: 1) the nucleo-
tide data set (66TaxonSet_nuc), 2) amino acid data set
(66TaxonSet_aa), and 3) the recoded Dayhoff categories
(66TaxonSet_day). For the 39TaxonSet, heterogeneous
models were applied at two levels: 1) amino acids
(39TaxonSet_aa) and 2) the recoded Dayhoff categories
(39TaxonSet_day). The models applied to the data set are
shown in supplementary table S2, Supplementary Material
online. For the 66TaxonSet, the proportion of invariable
sites (+1) and Gamma distributed associated rate variation
(+I") varied throughout the MCMC run to determine the
optimal values. For the 39TaxonSet, +| were removed and
the +1I" value was optimized in P4 (Foster 2004). This estimate
for " was then fixed for the remainder of the analyses. This
removed the computational load required for optimizing
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unnecessary parameters and therefore improved the speed
of the analyses. For each of the heterogeneous models tested,
10 independent MCMC runs were used and these were per-
mitted to run long after the likelihood values of the chain
converged. Only runs that had converged were used in fur-
ther analyses, this was determined by the agreement between
topologies from the 10 independent MCMC runs and param-
eters. Topologies obtained from heterogeneous models in P4
are available for download from http://dx.doi.org/10.5061/
dryad.vh49j.

PhyloBayes Phylogenetic Analysis

Both the 66TaxonSet and the 39TaxonSet were analyzed
using CAT and CAT-GTR models along with homogeneous
JTT4+4I' and GTR+1C+4I" (4| parameter added for
66TaxonSet) in PhyloBayes v3.2 (Lartillot et al. 2009). For
each model tested, two independent runs using four
MCMC chains were applied, these were sampled every 100
trees until convergence was reached, see download http://dx.
doi.org/10.5061/dryad.vh49j.

Posterior Predicative Simulations

Each model was tested for goodness-of-fit using posterior
predictive simulations (Foster 2004). These tests were applied
to models that accommodate compositional heterogeneity
across the phylogeny in P4 (Foster 2004) and models that
accommodate heterogeneity across the data in PhyloBayes
v3.2 (Lartillot et al. 2009). Using the given model for a data set
and the parameters estimated from the MCMC run for that
data set, simulated data sets were created. The fit of the
model is estimated by the tail-area probability (Gelman
et al. 1995). If the real data falls within the distribution of
the simulated data set then the composition of the data is
well described by the given model. Using posterior predictive
simulations in PhyloBayes v3.2 (Lartillot et al. 2009), the com-
positional deviation for each taxon along with the overall fit
of the model to composition were assessed. The output for
posterior predictive simulations in PhyloBayes v3.2 (Lartillot
et al. 2009) were computed and given in the form of Z scores.
A Z score > 2 indicated that the model failed to fit the data,
see supplementary figure S1 and table S6, Supplementary
Material online, for the 66TaxonSet and 39TaxonSet scores,
respectively.

Supplementary Material

Supplementary tables S1-S7 and figure S1 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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